slightly more basally but still within the CeAJ are DLG-1/ Discs large and the coiled-coil protein AJM-1 [28, 32] .
In this study we demonstrate that ZEN-4 and its partner CYK-4 are critical to form the arcade cell epithelium. Previous studies revealed that ZEN-4 and CYK-4 bundle antiparallel microtubules to establish the spindle midzone and that they are required to complete cytokinesis [33] [34] [35] [36] [37] [38] [39] . Our findings indicate that these proteins have an additional function during pharyngeal tubulogenesis that is independent of their role in cell division. We suggest that ZEN-4 and CYK-4 function upstream of the membrane-associated polarity proteins to build the apical domain and CeAJ.
Results

Mitotic Kinesin-like Protein zen-4 and RhoGAP cyk-4 Have a Role in Pharynx Attachment
To discover proteins required for gut tubulogenesis, we performed a genetic screen for arrested larvae with pharynges unattached to the epidermis (Pun phenotype; our unpublished data). Here, we focus on one gene identified by this screen and defined by the allele px47. In px47 mutants, the arcade cell epithelium that normally bridges the pharynx and epidermis was absent, leading to arrested Pun larvae and late stage embryos ( Figures  1A-1D ).
Three lines of evidence demonstrate that px47 is an allele of zen-4/MKLP1. First, px47 mapped near the zen-4 locus and failed to complement zen-4(w35) (Figures 1E and 1F) . Second, the lethality associated with px47 homozygotes could be rescued by a 7 kb DNA fragment sufficient for zen-4 rescue in other studies (six of six transgenic lines; Experimental Procedures; [36, 40] ). Third, we identified a G-to-A transition at the splice acceptor site of the third exon of zen-4 in px47 mutants. ( Table 1) . [39] , and loss of cyk-4 leads to incomplete cytokinesis in vivo [38] . We used a temperature-sensitive allele of cyk-4 to determine whether cyk-4 was also required to form the arcade cell epithelium (Table 1) . 20/27 embryos were Pun, and 7/27 had embryonic enclosure defects when cyk-4(t1689ts) embryos were shifted to nonpermissive temperature 225 min after the first embryonic cell division (‫8ف‬E stage). When cyk-4(t1689ts) mutants were shifted to restrictive temperature 15 min later (240 min), we observed no enclosure defects. A subset was still Pun, but most worms were wild-type. We conclude that CYK-4 is required for pharyngeal morphogenesis and likely functions in conjunction with ZEN-4.
Normal Cytokinesis in zen-4 (px47)
Mutant Embryos
Given the role of zen-4 during cytokinesis, we examined whether zen-4(px47) homozygotes were Pun because occurred in zen-4(px47) embryos and that these cells differentiated appropriately.
Fourth, we used the conditional allele zen-4(or153ts) [41] to demonstrate that the temperature-sensitive periods for cytokinesis and pharyngeal tubulogenesis were distinct (Table 1) As a complementary approach, we examined whether we could generate a Pun phenotype by disrupting cytokinesis with a mutation in a different gene. dhc-1(ct42) carries a temperature-sensitive mutation in the dynein heavy-chain locus [46] . By shifting to nonpermissive temperature, we could generate large cells with cytokinesis defects and aberrant embryonic enclosure, but were unable to produce a Pun phenotype ( Figure 1H ). We conclude that the pharyngeal tubulogenesis defects observed in zen-4(px47) mutants do not reflect impaired cytokinesis. Rather, our data suggest a new role for zen-4, and by implication cyk-4, during morphogenesis and distinct from their known activities in cell division. Hermaphrodites from SM1077 zen-4(px47) dpy-20(e1282)/bli-6(sc16) unc-24(e138) with and without the cdh-3P::zen-4 transgene were permitted to lay embryos on plates for 24 hr. The hermaphrodites were removed and the progeny were assessed for phenotypes 24 hr later. Two independent transgenic lines (lines 1 and 2) were examined.
ZEN-4 Is Required to Polarize Arcade Cells
notype observed in C. elegans, demonstrating a critical asymmetric mark subsequently used by daughter cells to define the apicobasal axis. For example, after the role for zen-4 and cyk-4 during epithelialization.
We Figure 2F ). Neither AJM-1::GFP nor CDH-3::GFP was observed in construct was unable to rescue zen-4(px47) embryos to adulthood, presumably because zen-4 has essential nonepithelial cell types such as body wall muscles (zero of eight embryos each), revealing that the presence of roles in cells that do not activate the cdh-3 promoter. These data support the second model, in which ZEN-4 GFP in arcade cells reflected their normal epithelial identity. We conclude that arcade cells in zen-4(px47) mufunctions postmitotically to organize the microtubule cytoskeleton during polarization. tants express at least some proteins associated with polarity but that they cannot assemble these proteins into polarized domains at the cell surface.
ZEN-4 Is Required to Organize Cytoskeleton How might ZEN-4 function within arcade cells? ZEN-4 and its orthologs are required for the normal arrange-ZEN-4 Functions Postmitotically
We envisioned two models for ZEN-4 and CYK-4 funcment of microtubules during mitosis and can form bundles of microtubules in vitro [34, 39, 50, 51]. We examtion during cellular polarization. One possibility was that the association of these proteins with midzone microtuined wild-type and zen-4(px47) embryos to determine whether ZEN-4 also influenced microtubule organization bules and the cell cortex during mitosis established an 4(px47) embryos ( Figures 4E and 4F, brackets) . Whereas wild-type embryos accumulated actin at the nascent apical surface at the onset of epithelialization, actin remained dispersed in the arcade cells of zen-4(px47) mutants ( Figures 4E and 4F ). In addition, the level of stable microfilaments appeared lower in zen-4(px47) mutants compared to wild-type. We conclude that zen-4 is essential to organize the apical microfilament lattice during arcade cell epithelium formation.
Discussion
Identification of the factors required for cellular polarization is critical to understand how epithelia are formed and molded into tubes. Our genetic analysis has uncovered a new function for the kinesin-like protein ZEN-4/ MKLP and its partner CYK-4/RhoGAP to polarize the arcade cells in the nematode foregut. The phenotypes we observe are the strongest known for any C. elegans epithelium, indicating this function is essential. We suggest ZEN-4/MKLP1 and CYK-4/RhoGAP regulate an early step in epithelial polarization that is selectively required to establish the apical surface and CeAJ.
Two Models for zen-4 and cyk-4 Function
A surprising discovery is that zen-4, and by extension cyk-4, are critical for the earliest stages of epithelium formation. Polarity proteins never accumulated at the 
